Interferon-tau (IFNT) is secreted by the conceptus trophoblast and signals pregnancy recognition in ruminants. IFNT regulates expression of genes in the endometrium, peripheral blood leukocytes (PBLs), and corpus luteum (CL). Microarray analysis identified that expression of (chemosensory) receptor transporter protein 4 (RTP4) increased in PBLs during early pregnancy in cows. In the present study, we cloned and characterized RTP4 transcription during early pregnancy in ewes. Endometrium, PBLs, and CL were collected on Days 11, 13, and 15 of the cycle and on Days 11, 13, 15, 17, and 19 of pregnancy. Northern blot analysis revealed an expected 1.6-kb mRNA and an unexpected 2.6-kb mRNA. In endometria, RTP4 mRNA levels in cyclic ewes remained low, whereas RTP4 mRNA increased from Day 11 to Day 17 in pregnant ewes. Levels of RTP4 mRNA also increased from Day 15 to Day 19 in CL and PBL samples from pregnant ewes only. The RTP4 mRNA was located in the glandular epithelium, stratum compactum, and caruncular stroma. Ovine glandular epithelial cells were treated with IFNT to determine if IFNT alone could induce RTP4. IFNT increased RTP4 more than 70-fold at 1.5 h after treatment, with maximal induction of nearly 300-fold above values observed in nontreated controls at 6 h after treatment. These results indicate that RTP4 mRNA levels are induced in the ovine endometrium, PBLs, and CL by IFNT during early pregnancy and in cell culture in response to IFNT. If RTP4 expression affects G protein-coupled receptor function, it may be important for establishment of pregnancy in domestic ruminants.
INTRODUCTION
Interferon-tau (IFNT) is produced by trophoblast cells of the blastocyst and is the signal for maternal recognition of pregnancy in ruminants [1] . IFNT is a member of the type I interferon (IFN) family, which includes IFNA, IFNB, and IFNW (alpha, beta, and omega, respectively) [2] , and it possesses many functional features shared by other type I IFNs. Ruminant conceptuses produce IFNT during early pregnancy, with maximal production from Day 14 to Day 16 in sheep [3] and from Day 16 to Day 19 in cattle [4] . IFNT acts in a paracrine manner on the luminal epithelium and superficial glandular epithelium to inhibit expression of oxytocin receptors [5] [6] [7] , thereby blocking luteolytic pulses of prostaglandin F 2a (PGF 2a ) and maintaining a functional corpus luteum (CL) [1] . IFNT also induces expression of a large number of IFNstimulated genes (ISGs) in the endometrium [8] including 2 0 ,5 0 -oligoadenylate synthetase (OAS) [9] , beta 2 -microglobulin [10] , interferon-stimulated gene 15 (ISG15) [11] , myxovirus resistance 1/interferon-inducible protein p78 (MX1), and myxovirus resistance 2 (MX2) [12] [13] [14] . We and others postulate that these genes are involved in preparing the uterus for establishment and maintenance of pregnancy; however, only recently has it become clear that ISGs in peripheral blood immune cells also are increased by pregnancy.
Yankey et al. [15] first reported systemic induction of ISGs in peripheral blood leukocytes (PBLs) in response to pregnancy, even though IFNT had not previously been detected in the circulation [16] . The level of MX1 mRNA was elevated in PBLs from Day 15 through Day 30 after insemination in pregnant compared to bred, nonpregnant ewes [15] . Subsequently, we found that PBLs from pregnant cows exhibited increased expression of MX1 and ISG15 on Days 18 and 20 of gestation and of MX2 on Days 16, 18 , and 20 of gestation compared with bred, nonpregnant cows [14] . Likewise, Han et al. [17] found that overall mean blood ISG15 mRNA levels were higher from Day 15 to Day 32 of gestation, with maximal levels on Day 20 in pregnant compared with inseminated, nonpregnant cows. These data are consistent with work by Spencer et al. [18] , who showed intrauterine infusions of recombinant ovine IFNT and systemic treatment with IFNT both increased levels of MX1 and ISG15 mRNA in the CL. Moreover, ISG15 and OAS are increased in the CL of early pregnant ewes [19] .
It is becoming increasingly clear that many ISGs induced by pregnancy and IFNT in the endometrium also are induced in PBL. These results support the hypothesis that one could identify genes regulated during early pregnancy in the endometrium by noninvasively sampling PBLs and subjecting them to gene expression analysis. Taking this approach, we identified a large number of known and novel ISGs that are differentially expressed in PBLs from pregnant as compared to cyclic cattle (Ott and Gifford, unpublished observations). One of the novel ISGs, chemosensory receptor transporter protein 4 (RTP4, also known as IFRG28), was upregulated in PBLs from pregnant compared to nonpregnant cows 19 days after insemination.
Certain G protein-coupled receptors (GPCRs) require accessory proteins for transport from the trans-Golgi network to the cell surface, allowing GPCRs to interact with appropriate ligands [20] . The RTP4 belongs to a gene family consisting of RTP1, RTP2, RTP3, and RTP4 [21] . Both RTP1 and RTP2 appear to be specifically expressed in olfactory neurons and to facilitate functional expression of odorant receptors [21] . The RTP4 is expressed in a broad range of tissues and recently was identified as a cofactor for functional expression of some bitter taste receptors [22] . Based on our previous observations that ISGs, including RTP4, are regulated in PBLs during early pregnancy [14, 15] (Ott and Gifford, unpublished observations), we postulate that RTP4 will be upregulated in endometrium by the conceptus and IFNT during early pregnancy in ruminants. Therefore, the objectives of the present experiments were to clone and sequence the ovine RTP4 mRNA and to characterize RTP4 levels in the uterus, PBLs, and ovary of cyclic and early pregnant ewes.
MATERIALS AND METHODS

Animals
Mature, crossbred ewes were housed with a vasectomized ram and observed for estrus. At estrus, ewes were randomly assigned to be bred to either a vasectomized ram (cyclic) or an intact ram (pregnant). Ewes also were randomly assigned to collection day, and blood and tissue samples were collected on Days 11, 13, and 15 of the estrous cycle and on Days 11, 13, 15, 17, and 19 of pregnancy (n ¼ 4 samples per day per status). Tissues were snapfrozen, and PBLs were isolated from blood samples as described previously [14] . An additional group of ewes underwent hysterectomy on Days 
Cell Culture
Immortalized ovine glandular epithelial (oGE) cells [23] were plated at 80% confluency in six-well plates (Costar 3516; Corning, Inc.) in Dulbecco modified Eagle medium (15.63 g/L; Sigma) with 10% fetal bovine serum (FBS; Invitrogen) under 5% CO 2 at 38.58C for 24 h before treatment. Cells were treated with either medium alone or 10 000 antiviral units/ml of IFNT (kindly provided by Dr. Fuller Bazer, Texas A&M University) for 0, 1.5, 3, 6, 12, or 24 hours (n ¼ 3 wells per treatment per time). Cells were approximately 90% confluent when harvested using Trizol reagent (Invitrogen). The entire experiment was conducted twice.
RNA Isolation and cDNA Synthesis
Total RNA was extracted from the frozen endometrium and CL samples from pregnant and nonpregnant ewes using Trizol reagent according to the manufacturer's recommendations. After extraction, the RNA was further purified using RNeasy (Qiagen) spin columns according to the manufacturer's recommendations. The PBLs were isolated and the RNA extracted using methods described previously [14] . Total RNA (1 lg) was treated with DNase (RQ1; Promega) and used for cDNA synthesis with Superscript III (Invitrogen) according to the manufacturer's recommendations.
Cloning and Sequencing
The SMART RACE (i.e., rapid amplification of cDNA ends) cDNA Amplification kit (BD Biosciences) was used to synthesize SMART first-strand 5 0 -RACE-Ready cDNA and 3 0 -RACE-Ready cDNA from endometrial RNA isolated from a Day 17 pregnant ewe. The SMART first-strand cDNA was used to amplify the RTP4 5 0 -RACE and 3 0 -RACE by using BD Advantage 2 PCR kit (BD Biosciences). The PCR was carried out using the Universal primer A mix, which is provided with the SMART RACE kit, and the RTP4 cDNA specific primers, CACATGTACCTGGAGAACCAGA and AGGTAGCTCT-GAAACCTTCCTG, to amplify RTP4 5 0 -RACE and 3 0 -RACE, respectively. This experiment generated only one 5 0 and one 3 0 sequence, with approximately 200 bp of overlap between the sequences. These sequences were used to design another set of RTP4 gene-specific primers (forward, GGGACTGTCAGCATGGACGCCAAGCCT; reverse, GACACCA-GAAAGGTAAACAGAGCGAAA) to amplify the full coding sequence of RTP4 from Day 17 pregnant sheep endometrial RNA. The PCR reactions were performed as five cycles at 948C for 5 sec and 728C for 3 min; then five cycles at 948C for 5 sec, 708C for 10 sec, and 728C for 3 min; and then 35 cycles at 948C for 5 sec, 688C (708C for 5 0 -RACE) for 10 sec, and 728C for 3 min. The PCR products were gel purified by using GenElute Spin Columns (SigmaAldrich) and subsequently cloned into PCR II-TOPO TA vector (Invitrogen). Plasmid sequencing was conducted by the Nucleic Acids Core Facility, Huck Institutes of Life Sciences, at Penn State. Because sequence results from RACE experiments were identical to the sequence obtained from full-length PCR amplification, sequencing results are presented from PCR amplification.
Real-Time RT-PCR
Steady-state levels of RTP4 mRNA were quantified in samples of endometrium, PBLs, and oGE cells as described previously [14] except that the 18S ribosomal RNA was used as an internal control. The annealing temperature for RTP4 primers (forward, CACATGTACCTGGAGAACCAGA; reverse, AGGTAGCTCTGAAACCTTCCTG) and 18S primers (forward, AAACGGCTACCACATCCAAG; reverse, CGCTCCAAGATCCAACTA) was 56.68C. Steady-state mRNA levels in the CL were quantified as described previously [14] with minor modifications. Power SYBR Green Master Mix (Applied Biosystems) was used, and quantification was accomplished using the Applied Biosystems 7500 fast real-time RT-PCR machine with 18S ribosomal RNA as an internal control.
Northern Blot Analysis
Northern blot analysis was conducted as described previously [13] . Total RNA (10 lg) from samples of CL, endometrium, and oGE cells was used for gel electrophoresis and transfer, and blots were incubated with a biotinylated, 513-bp ovine RTP4 antisense cRNA probe. All other steps were completed as described previously [13] with the exception of RNase A treatment.
In Situ Hybridization Analysis
The location of RTP4 mRNA in the uterus and ovary was analyzed using a 513-bp, radiolabeled, antisense cRNA probe for RTP4 using methods described previously [24] . The cRNA probe used for in situ analysis was the same sequence as the probe used for Northern blot analysis and, therefore, likely recognizes both forms of RTP4 mRNA (see Results).
Data Analysis
Data for RTP4 mRNA levels in the CL, PBLs, and endometrium are presented as least squares means with the standard error of the relative foldchange from the mean Day 11 cyclic corrected critical threshold value (DCt) or from time-point zero samples (oGE cell culture experiment). Fold-change was then calculated by the DDCt method [25] , with 18S rRNA serving as the internal control. Using this conservative approach, we do not arbitrarily eliminate variation from the data set by setting all Day 11 cyclic values to one. Data were analyzed using the MIXED procedure in SAS (Ver 9.1; SAS Institute). Animal was the experimental unit, and fold-change in the dependent variable was tested against status, day, and status 3 day. In cell culture experiments, well was the experimental unit, and fold-change was tested against time, treatment, and time 3 treatment.
RESULTS
Ovine RTP4 DNA Sequence Analysis
A full-length RTP4 mRNA transcript was cloned from the endometrium of Day 17 pregnant ewes and sequenced (GenBank accession no. EF682065), yielding a predicted mRNA size of 1.672 kb. As illustrated in Figure 1 , the inferred RTP4 protein is 454 residues, with a predicted molecular weight of approximately 57.5 kDa (Swiss Institute of Bioinformatics: ExPASy translate tool; http://ca.expasy.org/ tools/) [26] . Consistent with RTP4 full-length sequence, Northern blot analysis revealed an mRNA transcript of approximately 1.6 kb in the endometrium, CL, and oGE cells (Fig. 2) . Interestingly, an additional mRNA transcript of approximately 2.6 kb in size was observed in these samples (Fig. 2) .
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RTP4 Levels
A status 3 day interaction was detected (P , 0.05) for RTP4 mRNA levels in endometrial samples from pregnant compared to cyclic ewes. Therefore, effects were analyzed within status. As depicted in Figure 3 , RTP4 levels increased (P , 0.01, quadratic) by 17-fold on Day 15 and by 34-fold on Day 17 in pregnant ewes, whereas RTP4 mRNA in the endometrium of cyclic ewes did not change (P . 0.30) from Day 11 to Day 15. No status 3 day interaction was detected (P . 0.10) for levels of RTP4 in PBLs from pregnant and cyclic ewes when Days 11, 13, and 15 were analyzed. The RTP4 levels, however, increased (P , 0.05, quadratic) by nearly 20-fold on Days 17 and 19 in PBLs from pregnant ewes (Fig. 3) . Likewise, no status 3 day interaction was detected (P . 0.10) for RTP4 levels in CL from pregnant and cyclic ewes when Days 11, 13, and 15 were analyzed. Steady-state RTP4 mRNA levels, however, increased (P , 0.05, quadratic) in the CL from pregnant ewes by more than 7-fold on Day 15 and 14-fold on Day 17 (Fig. 3) . In oGE cells, IFNT treatment increased levels of RTP4 (P , 0.01) by more than 70-fold as early as 1.5 h after treatment, with maximal induction of more than 300-fold at 6 h after IFNT treatment.
RTP4 Localization
In the endometrium, RTP4 mRNA was localized to the glandular epithelium, stratum compactum, and caruncular stroma (Fig. 4) . Although RTP4 mRNA was more abundant in pregnant animals, variation in RTP4 levels was observed within day and status (Fig. 4) . In addition, some endometrial sections exhibited scattered cells that hybridized strongly with   FIG. 1 . Amino acid alignment of predicted human, ovine, and bovine RTP4. Shaded areas represent homologous amino acids, and dashes represent gaps in the protein sequence. The molecular weights for human, ovine, and bovine RTP4 are 28, 57.5, and 60 kDa, respectively. Ovine RTP4 amino acid sequence shares approximately 61% and 82% homology with human RTP4 and bovine RTP4 sequences, respectively.
FIG. 2. Top left)
Northern blot analysis of receptor transporter protein 4 (RTP4) in total RNA from corpus luteum in cyclic ewes 15 days after breeding (15C) and in pregnant ewes 15 days (15P) and 17 days (17P) after breeding. Top right) Northern blot analysis of RTP4 in total RNA from endometrium of pregnant (15P) and cyclic ewes (15C) 15 days after breeding. Bottom) Northern blot analysis of RTP4 in total RNA from immortalized oGE cells treated with 10 000 antiviral units/ml of interferon-tau for 12 h (12h IFN) or 6 h (6h IFN) and control cells that were not treated for 12 h (12h NT) or 6 h (6h NT). 520 the RTP4 probe and exhibited a phenotype similar to that of immune cells (cell size and nuclear morphology); however, cell identity was not confirmed. In the ovary, RTP4 mRNA was localized primarily to the CL and increased with pregnancy.
DISCUSSION
Our working hypothesis is that changes in uterine gene expression associated with early pregnancy could be detected by examining gene expression in PBLs during early pregnancy. Using microarray analysis of PBLs from pregnant and bred, nonpregnant cows, RTP4 was identified as a gene upregulated in response to early pregnancy. We then cloned and sequenced an endometrial RTP4 mRNA and measured steady-state levels of RTP4 mRNA in the endometrium, CL, and PBLs during early pregnancy in ewes. In endometrium and CL, Northern blot analysis detected two RTP4 mRNA transcripts. The 1.6-kb mRNA was expected based on the size of the endometrial RTP4 mRNA cloned by PCR, but a larger, 2.6-kb mRNA transcript was identified in endometrium, CL, and oGE cells. Because of limited amounts of mRNA, we were unable to conduct Northern blot analysis on mRNA extracted from PBLs. The RTP4 levels increased during early pregnancy in all three tissues studied compared to levels in cyclic ewes and in response to IFNT treatment in oGE cells.
Some GPCRs require proteins to transport them from the trans-Golgi to the cell membrane [20, 27, 28] . RTP4 belongs to a family of GPCR transporters that is necessary for functional expression of some bitter taste receptors [21, 22] . The predicted RPT4 transcript in cattle (BC105539) (Fig. 1) and from the endometrium of sheep (Fig. 1) is larger than human RTP4 (NM_022147) (Fig. 1) . National Center for Biotechnology Information Basic Local Alignment Search Tool (BLAST) results, however, showed that the predicted ovine RTP4 amino acid sequence shared approximately 61% and 82% homology with human RTP4 and bovine RTP4 sequences, respectively (Fig. 1) . The RTP4 also is referred to as 28-kDa interferon responsive protein (IFRG28; NP_071430). Although human RTP4 has a molecular weight of approximately 28 kDa, predicted translated sequences of bovine (60.6 kDa) and ovine (57.5 kDa) RTP4 are much larger; thus, the IFRG28 nomenclature may not be appropriate for domestic ruminants. Further studies are needed to determine if this discrepancy in transcript and predicted protein size leads to different functional properties of RTP4 in domestic ruminants. Moreover, an alternate, 2.6-kb transcript was detected in the CL and endometrium of sheep and in oGE cells (Fig. 2) . Our RACE analysis using endometrial RNA did not provide any evidence for the larger transcript. It is possible, however, that sequence differences exist in the primer binding regions that are sufficient to prevent detection of the larger transcript by RACE. Although the full sequence for the 2.6-kb form of RTP4
has not yet been determined, the 513-bp probe used in the present study was complementary to the 5 0 end of the 1.6-kb ovine RTP4 transcript and also hybridized with the 2.6-kb form of RTP4, indicating the two forms share homology over a large region. The identity of this larger hybridizing band is currently under investigation. 
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The type I IFN receptor is expressed in all cell types in the endometrium, with highest expression in luminal epithelium [29] . Induction of many ISGs by IFNT is limited to the endometrial stroma, immune cells, and glandular epithelial cells [1] . Levels of RTP4 mRNA increased in the endometrium in response to pregnancy and in oGE cells treated with IFNT (Fig. 3) . Results from the current experiment show that RTP4 mRNA is localized to the glandular epithelium, stratum compactum, and caruncular stroma (Fig. 4) ; however, animal-to-animal variation in the spatial pattern of RTP4 localization in the endometrium was observed (Fig. 4) . It may be that RTP4 is upregulated for a short period of time, from Day 15 to Day 19 of pregnancy, and that individual animals vary in levels of RTP4 between these days. We are in the process of examining samples from later in gestation to determine if this is the case. Alternatively, RTP4 levels may exhibit variable spatial regulation in the endometrium during early pregnancy. Therefore, it is possible that the cross-sections used in the current study were from areas of the endometrium with lower/higher levels of RTP4 mRNA. Also, RTP4 mRNA was upregulated in unidentified cells that resembled immune cells based on their size, nuclear morphology and scattered distribution in some, but not all, of the tissue sections examined (Fig. 4) . Again, this variation likely results from variation in the spatial pattern of expression of RTP4 mRNA. We have observed a similar spatial pattern for MX2 localization during early pregnancy in endometrium (Ott et al., unpublished observations).
In CL from pregnant ewes, RTP4 increased by more than 7-fold on Day 15 and 14-fold on Day 17 (Fig. 3) . Spencer et al. [18] showed that either subcutaneous or intrauterine injections of IFNT increased levels of ISG15 and MX1 mRNA in the CL. Likewise, recent evidence suggests that ISG15 and OAS are increased in the CL during early pregnancy [19] . Results from the current experiment localized RTP4 transcripts to luteal cells specifically (data not shown). Oliveira et al. [19] found that ISG15 protein localized predominately to large luteal cells with variable expression in small luteal cells and that ISG15 was not detected in the ovarian stroma. This is interesting, because most tissues and cell types express the type I IFN receptor [30] yet RTP4 transcripts were not detected in the ovarian stroma. Likewise, unpublished work in our laboratory found that MX2 was spatially and temporally regulated in the ovary during early pregnancy, with transcripts localized primarily to luteal cells. Collectively, results from the current and previous studies [18, 19] In situ hybridization analyses of receptor transporting protein 4 (RTP4) mRNA in cyclic and pregnant ewes. Cross-sections of the uterine wall from cyclic (C) and pregnant (P) ewes were hybridized with radiolabeled antisense or sense ovine RTP4 cRNA probes. The RTP4 mRNA was detected in glandular epithelium (GE), stratum compactum (SC), and caruncular stroma (S) and increased in response to pregnancy. Photomicrographs are shown at 203 magnification which represents a field width of 315 lm. 522 pregnancy following luteectomy or PGF 2a -induced luteal regression [31, 32] , it is unlikely that the CL secretes anything other than progesterone, which is essential for pregnancy maintenance. Interestingly, the CL on Day 13 of pregnancy in sheep is exposed to higher basal levels of PGF 2a compared with the CL on Day 13 of the cycle [33] . Recent evidence suggests that reduction of PGF 2a with flunixin meglumine 14 days after breeding increases pregnancy rates in beef cows [34] , possibly indicating that elevated levels of PGF 2a during early pregnancy can be detrimental to establishment of pregnancy. Some evidence, however, indicates the CL becomes more resistant to the luteolytic effects of PGF 2a as early as Day 13 of pregnancy, because higher doses of PGF 2a are required to induce luteolysis in pregnant compared with nonpregnant ewes during this time [35] [36] [37] . The mechanism(s) resulting in luteal resistance is not known. Because PGF 2a receptor expression [38] and mRNA encoding the receptor [39] are not downregulated, resistance likely is conferred by disruption of second-messenger activation by PGF 2a . Silva et al. [40] showed that the CL is capable of metabolizing PGF 2a to 13,14-dihydro-15-keto PGF 2a metabolite (PGFM) and that PGFM production is greater in early pregnant compared to nonpregnant ewes. Moreover, levels of 15-hydroxyprostaglandin dehydrogenase mRNA are increased at the time of luteal resistance to PGF 2a [40] . Both IFNT and early pregnancy increase ISGs in the CL [18, 19] (Ott et al., unpublished observations) around the time that the CL becomes resistant to PGF 2a . It may be that elevated ISGs contribute to reducing the sensitivity of the CL to PGF 2a , thus promoting establishment of pregnancy.
Here, we showed that RTP4 was increased in PBLs of pregnant ewes. We initially identified RTP4 as a candidate gene from microarray analysis of cDNA from PBLs collected from pregnant dairy cattle. We postulated that many ISGs that are regulated in the uterus during early pregnancy likewise are regulated in PBLs. If this is the case, it could provide a noninvasive method for discovering uterine genes associated with establishment of pregnancy or for diagnosing fertility problems in humans or animals. Systemic upregulation of ISGs in PBLs during early pregnancy was observed in cattle [14, 17] and sheep [15] . Previously, IFNT was not detected in the systemic circulation or uterine venous or lymphatic drainage in pregnant ewes [16] . Recent evidence [19] , however, suggests that a type I IFN is released from the uterus and has an endocrine action. Oliveira et al. [19] showed that bioactive IFN was greater in the uterine vein compared to the uterine artery in pregnant ewes. Thus, IFN likely activates ISGs in the CL, and the significance of this activation is currently under investigation.
Because GPCRs are the largest superfamily of proteins that have been identified [41] , it is difficult to speculate about the function(s) of RTP4 in the uterus. Higher basal levels of PGF 2a experienced during early pregnancy [33] , however, indicate that the uterine PGF 2a biosynthetic pathway is still capable of producing PGF 2a . Oxytocin binds a GPCR and drives PGF 2a biosynthesis [42] . Results from the current experiment clearly indicate that RTP4 is induced during early pregnancy. It is intriguing to speculate that RTP4 may act in concert with other ISGs to regulate PGF 2a production during early pregnancy, although to our knowledge, no evidence currently supports this speculation. Alternatively, RTP4 is thought to transport chemosensory GPCRs [21, 22] , and it is becoming increasingly clear that chemokines may be involved in the establishment of pregnancy. Most chemokine receptors are GPCRs [43] , and selectivity of these receptors results largely from specificity and receptor expression patterns [44] . Many chemokines and chemokine receptors have been identified in the endometrium of pregnant and nonpregnant women [45] [46] [47] and are thought to orchestrate recruitment of lymphocytes to the endometrium [48] . It also has been proposed that chemokines may aid in trophoblast attachment and invasion [48] . In sheep, the chemokine CXCL10 was upregulated in the endometrium of pregnant ewes, and the receptor (CXCR3) was localized to the trophectoderm [49] . Moreover, chemotaxis assays suggested that CXCL10 regulates migration and/or distribution of peripheral blood mononuclear cells in the uterus during early pregnancy [49] . In the current experiment, RTP4 was induced in the endometrium and PBLs of pregnant ewes. It is possible that RTP4 affects chemokine receptors during early pregnancy to aid in maintaining the delicate chemokine balance. Further studies are needed to determine the role(s) of RTP4 in the endometrium during early pregnancy.
The role of RTP4 or other ISGs outside the uterus during early pregnancy also is not clear. Recently, Kosaka et al. [50] showed peripheral blood mononuclear cells promoted attachment of BeWo-cell spheroids (an in vitro model for studying attachment mechanisms to endometrial epithelial cells) to endometrial cells derived from human uteri in the late proliferative and early secretory phases. Those authors postulated that peripheral blood mononuclear cells may be able to induce endometrial cells to become receptive to an embryo. Furthermore, it could be postulated that systemic activation of ISGs might be a compensatory response to counteract progesterone-induced uterine immunosuppression/ immunomodulation [51] . This area is largely unexplored, however, and further studies are needed to determine the role of systemic activation of ISGs during early pregnancy in ruminants.
In conclusion, we used global gene expression profiling in PBLs from blood samples collected during early pregnancy to identify RTP4, a GPCR transporter, as a pregnancy-regulated gene in ruminants. We showed that RTP4 mRNA increased in the endometrium during early pregnancy and in endometrial cell lines treated with IFNT. In addition, we demonstrated that RTP4 levels increased in luteal cells during early pregnancy. These studies contribute to the growing body of evidence indicating that conceptus signaling in the uterus during early pregnancy results in an increased expression of a large number of ISGs in tissues outside the reproductive tract. Further studies are needed to determine the function(s) of RTP4 during establishment of pregnancy in domestic ruminants.
